The activity of superoxide dismutases (SODs) at the early stages of wheat deetiolation by Leonowicz, Gracjana et al.
RESEARCH ARTICLE
The activity of superoxide dismutases (SODs)
at the early stages of wheat deetiolation
Gracjana Leonowicz1☯, Kamil F. Trzebuniak1☯, Paulina Zimak-Piekarczyk2,
Ireneusz Ślesak2, Beata Mysliwa-Kurdziel1*
1 Department of Plant Physiology and Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology,
Jagiellonian University in Krakow, Krakow, Poland, 2 Department of Stress Biology, The Franciszek Go´rski
Institute of Plant Physiology, Polish Academy of Sciences, Krakow, Poland
☯ These authors contributed equally to this work.
* b.mysliwa-kurdziel@uj.edu.pl
Abstract
Unbound tetrapyrroles, i.e. protochlorophyllide (Pchlide), chlorophyllide and chlorophylls,
bring the risk of reactive oxygen species (ROS) being generated in the initial stages of
angiosperm deetiolation due to inefficient usage of the excitation energy for photosynthetic
photochemistry. We analyzed the activity of superoxide dismutases (SODs) in etiolated
wheat (Triticum aestivum) leaves and at the beginning of their deetiolation. Mn-SOD and
three isoforms of Cu/Zn-SODs were identified both in etiolated and greening leaves of T.
aestivum. Two Cu/Zn-SODs, denoted as II and III, were found in plastids. The activity of
plastidic Cu/Zn-SOD isoforms as well as that of Mn-SOD correlated with cell aging along
a monocot leaf, being the highest at leaf tips. Moreover, a high Pchlide content at leaf tips
was observed. No correlation between SOD activity and the accumulation of photoactive
Pchlide, i.e. Pchlide bound into ternary Pchlide:Pchlide oxidoreductase:NADPH complexes
was found. Cu/Zn-SOD I showed the highest activity at the leaf base. A flash of light induced
photoreduction of the photoactive Pchlide to chlorophyllide as well as an increase in all the
SODs activity which occurred in a minute time-scale. In the case of seedlings that were dee-
tiolated under continuous light of moderate intensity (100 μmol photons m-2 s-1), only some
fluctuations in plastidic Cu/Zn-SODs and Mn-SOD within the first four hours of greening
were noticed. The activity of SODs is discussed with respect to the assembly of tetrapyrroles
within pigment-protein complexes, monitored by fluorescence spectroscopy at 77 K.
Introduction
It is commonly known that plants absorb light to drive photosynthesis. However, angiosperm
plants also require light for the biosynthesis of chlorophyll (Chl), the main photosynthetic pigment
as reviewed in [1–3]. Due to evolution, they have retained only a light-dependent protochlorophyl-
lide oxidoreductase (EC 1.3.1.33; LPOR) to catalyze the reduction of protochlorophyllide (Pchlide)
to chlorophyllide (Chlide) [4,5]. This photoenzyme is not activated in the absence of light, which
stops Chl biosynthesis and strongly influences seedling development. Seedlings that germinate and
grow in darkness follow the developmental pattern known as skotomorphogenesis, as reviewed by
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Solymosi and Schoefs [2], and become etiolated. On the cellular level, they contain etioplasts with
the characteristic membrane structure, prolamellar bodies (PLBs), but no chloroplasts. Even
though PLBs contain some proteins of photosynthetic complexes [6–8], these complexes are not
assembled and no photosynthetic activity can be observed. Pchlide accumulates in a controlled
way, as reviewed in [3,9] and to some extent it is bound within photoactive substrate-enzyme com-
plexes, ie. Pchlide:LPOR:NADPH ternary complexes, termed photoactive Pchlide, as reviewed in
[5,10–12], where it can be reduced to Chlide even with a single flash of light of a millisecond’s
duration. Pchlide molecules, which stay unbound to LPOR, are not converted to Chlide with a
short flash and are termed nonphotoactive Pchlide. However, they may serve as the substrate for
photoreduction upon continuous illumination.
Light-induced Pchlide reduction triggers the deetiolation (greening) process that leads
finally to the formation and the assembly of the functioning photosynthetic complexes, which
is accompanied by etioplast to chloroplast transformation and altogether switches the plant to
an autotrophic lifestyle [9,13]. Deetiolation is a complex process comprising many well-
orchestrated biochemical processes: gene transcription, the biosynthesis of pigments, lipids
and proteins etc. [14]. The initial steps of deetiolation, which occur in a minute time-scale,
include the release of Chlide from enzyme-product complexes, Chl formation, regeneration of
the photoactive Pchlide:LPOR:NADPH complexes and dispersion of PLBs [15–23]. Next, the
formation of lamellar membranes followed by the formation of stacked thylakoids, the massive
synthesis of proteins and Chl, the development of photosynthetic complexes and their activity
is observed within an hour time-scale. The time-sequence and the extent of these processes
depend on the plant species and on the environmental conditions [24–28].
Etiolation and deetiolation processes as well as the photosynthetic activity are light-regu-
lated via plant photoreceptors phytochromes and cryptochromes [13,29–31, and references
therein]. In particular, expression of many enzymes involved in Chl biosynthesis, including
LPOR, undergo regulation via phytochrome signalling route, mainly phytochrome A [32–35].
Chls and other tetrapyrroles, which possess conjugated double bonds and hence efficiently
absorb light of characteristic wavelengths, can act as photosensitizers [36–38]. Thus, photooxi-
dative stress is a constant companion of a photosynthetic lifestyle [36,39,40]. Reactive oxygen
species (ROS), such as superoxide anion radical (O2
•-), singlet oxygen (1O2) and hydrogen per-
oxide (H2O2), produced mainly in chloroplasts [41], are harmful for the photosynthetic appa-
ratus. On the other hand, there is an increasing evidence that ROS are central players in the
plant cell signalling network [40,42–46]. It should also be underlined that tetrapyrroles are
regarded as contributors to ROS signalling [36]. Photosynthetic organisms have developed
various ROS scavenging mechanisms to counteract their toxicity and maintain a balance
between their production and scavenging. Some antioxidants like ascorbate, glutathione, α-
tocopherol and carotenoids are involved in non-enzymatic protection [39,47,48]. At the same
time, the ROS-scavenging enzymes superoxide dismutase (SOD), catalase (CAT) and peroxi-
dases (POXs) are also involved [39,42,47,48].
SOD (EC 1.15.1.1) is a metalloenzyme and catalyzes the dismutation of O2
•- to less reactive
products i.e. O2 and H2O2:
2Hþ þ 2O2
  ! H2O2 þ O2
SOD constitutes the front-line of defence against ROS and oxidative stress in plant cells
[47,49]. Changes in SOD encoding gene transcript level and SOD activity [50–55] are regarded
as indicators of the level of ROS production and oxidative stress [39,42]. Various stress factors,
such as salinity, drought, pathogens, high light and many others were observed to increase the
activity of SOD and other antioxidant enzymes in numerous studies, e.g. [50,56]. It was also
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 2 / 21
Higher Education. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.
Competing interests: The authors have declared
that no competing interests exist.
Abbreviations: Chlide, chlorophyllide; Chl,
chlorophyll; F.W., fresh weight; LPOR, light-
dependent protochlorophyllide oxidoreductase;
Pchlide, protochlorophyllide; PLB, prolamellar
body; ROS, reactive oxygen species; SOD,
superoxide dismutase.
observed that the induction of antioxidant enzymes, including SOD, is important for the
development of plant stress tolerance [50,56–58]. Depending on the metal bound in the cata-
lytic active site, three SOD classes in plants were identified: manganese SOD (Mn-SOD), cop-
per/zinc SOD (Cu/Zn-SOD) and iron SOD (Fe-SOD) [49,59]. Cu/Zn-SOD is the most
plentiful SOD form in plant cells, detected in numerous cell compartments: chloroplasts [60–
62], mitochondria [63,64], cytosol [54,63,65–67], peroxisomes [63,68,69] as well as in the apo-
plast [65,67,70]. Fe-SOD is mainly regarded as a chloroplastic enzyme [61,62,71,72]. Mn-SOD
was already localized in mitochondria [63,64,73,74] and in peroxisomes [63,75–77].
Maintaining a balance between ROS production and detoxification is particularly impor-
tant during the deetiolation process. The accumulation of Pchlide, which is a porphyrin, in eti-
olated seedlings and the rapid synthesis of Chlide and Chl, which are chlorins, bring the risk of
uncontrolled excitation of these tetrapyrroles, leading to photooxidation and the production
of reactive oxygen species (ROS) [78]. Singlet oxygen production upon the illumination of eti-
olated Arabidopsis thaliana flumutant, which overaccumulates nonphotoactive Pchlide, has
been described previously [79]. ROS-provoked bleaching was also observed in etiolated pea
epicotyls [80,81] and in the innermost leaves of cabbage [82], and it was shown that nonpho-
toactive Pchlide monomers accumulated in these tissues acted as sensibilisers of these reac-
tions. On the other hand, the aggregated ternary Pchlide:POR:NADPH complexes and the
paracrystalline PLB structure increase the extent of Pchlide photoreduction and decrease the
photosensitivity of the pigments [10], although the PLB structure is dispersed within up to half
an hour of the onset of illumination. Attention has also been drawn to the photoprotective role
of LPOR [83–85]. ELIP proteins, which are transiently induced in the first hours of deetiola-
tion [86–88] and share a domain with light-harvesting proteins (LHC) [89,90], were suggested
to be involved in temporary Chl binding during early deetiolation [89]. They were proposed to
play a role in photoprotection during the greening process [91,92], although this was later not
confirmed [93]. Recently, it has been demonstrated that ELIPs function as a sensor of Chl
overproduction and prevent photooxidation this way [94]. However, it has not been elucidated
yet how plants mitigate ROS production at the early stages of deetiolation, at which large
amounts of Chl a and Chl b are synthesized, whereas photosynthetic reaction centers and
antenna complexes, as well as the thylakoid structure and photosynthetic electron transport
chain, are not yet fully arranged. Altogether, this brings the risk of excitation energy for photo-
synthetic photochemistry being used inefficiently.
Taking into account that SODs act as the front line of defence against ROS and oxidative
stress in plant cells, in our study we focussed on the activity of SOD forms in etiolated wheat
(Triticum aestivum) leaves, and as a response to the flash-induced deetiolation or deetiolation
carried out in continuous light. The first triggers only the photoreduction of photoactive
Pchlide, whereas the latter provided a complete photoreduction of the accumulated Pchlide.
Wheat leaves are frequently used as a model for studying the deetiolation process because they
accumulate plastids that show a developmental gradient from the pregranal plastids at the leaf
base to the senescing etioplasts at the leaf tip [22,95,96]. We were interested in verifying whether
the onset of deetiolation triggers ROS defence mechanisms and whether the response depends
on the developmental stage of plastids. The next query was whether the accumulation of Pchlide
in the form of photoactive Pchilde:LPOR: NADPH complexes influences the SODs activity.
Materials and methods
Chemicals
All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
indicated.
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 3 / 21
Plant material and growth conditions
The experiments were performed on etiolated wheat (Triticum aestivum L.) seedlings, which
were grown hydroponically on Hoagland medium (0.16 g L-1; Hoagland’s No. 2 Basal Salt Mix-
ture) in the dark for 6 days at 22±1˚C. In some experiments seedlings were first deetiolated
and then cut for experiments. Deetiolation was carried out under white light in one of the fol-
lowing conditions: (1) continuous light (100 μmol photons m-2 s-1) for a specific time period
of 30 minutes to 24 hours; (2) a single flash from a photographic lamp (Quantuum MOVE
200, China; energy output 200 J) followed by incubatedion in the dark for 30 minutes or (3) a
single flash from the photographic lamp followed by incubation in continous light (100 μmol
photons m-2 s-1) for 30 minutes. For experiments, 2 cm-long-fragments from the tip, middle
and basal parts of the leaves were cut and analyzed separately, as described in the Results. All
manipulations connected with leaf harvesting and sample preparation were carried out in dim
green light which did not cause any detectable amount of Chlide to be produced. Control
(green) seedlings were grown under a 14-hour photoperiod (100 μmol photons m-2 s-1).
Extraction of soluble proteins (crude extract) from leaf fragments
The basal (B), middle (M) and tip (T) fragments of the leaves were cut and used immediately
for extracting soluble proteins according to the method described by [66].
The protein concentration was determined according to [97] using Bradford Reagent fol-
lowing the manufacturer’s instructions. Bovine serum albumin was used as a standard. Absor-
bance at 595 nm was measured using a UV-Vis spectrophotometer Jasco V-650 (Jasco Co,
Japan).
Native PAGE, staining of SOD isoforms and SOD activity
Native polyacrylamide gel electrophoresis (PAGE) was carried out according to [66]. Protein
extracts were mixed with glycerol (2:1 v/v) and stained with bromophenol blue before being
applied to gel lanes. Extracts of equal protein content, within a range of 5–25 μg, were applied
to each lane. Electrophoresis was carried out at 4˚C and at 180 V for about 60 minutes.
SOD activity in the gels was detected using activity staining as described earlier [98]. The
gels were incubated in a standard staining phosphate buffer (50 mM, pH 7.8), containing
EDTA (1 mM), NBT (250 μM), TEMED (2.8 mM), riboflavin (22 μM) in darkness for 25 min-
utes. Then, they were exposed to artificial light using the LED panel illuminator (white SL
3500, 500–1000 μmol photons m-2 s-1 PSI, Czech Republic) until the SOD bands became visi-
ble. In the case of gels used to identify SOD isoforms, H2O2 (5 mM, final concentration) was
added to the staining buffer to inhibit the Cu/Zn-SOD and Fe-SOD isoforms, whereas NaCN
(2 mM) was added to inhibit solely Cu/Zn-SOD. Finally, the gels were washed three times with
distilled water. The gels were scanned densitometrically using a TLC scanner Visualizer
(Camag, Switzerland). Various forms of SOD activity were assessed using ImageJ (NIH, USA)
and expressed in arbitrary units (a.u.) per 1 μg of protein.
Plastid isolation
Plastids (etioplasts, etiochloroplasts or chloroplast) were isolated according to the method
described earlier [99] with some modifications. The middle fragments (of about 3-cm in
length, a total of 20 g) of leaves were cut into small pieces to 150 mL of a Hepes-NaOH buffer
(25 mM, pH 7.5), containing 0.4 M sorbitol, 1 mM MgCl2, 1 mM EDTA and homogenized
3–5 times for around 20 seconds using a kitchen blender (easy power TYPE Y45 blender,
Moulinex, France). The homogenate was gently filtered and centrifuged at 500 g and 4˚C for 5
SODs and wheat deetiolation
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minutes. The supernatant was then centrifuged at 2100 g and 4˚C for 10 minutes. The pellet
was washed in isolation buffer and the centrifugation was repeated. The plastid-containing pel-
let was used for low temperature spectra and for SOD analysis. All manipulations were carried
out under dim green light.
Pigment extraction and quantification
The basal (B), middle (M) and tip (T) fragments of the leaves (10–15 fragments, in total ~ 0,1
g) were cut into small sections, ground to a powder in liquid nitrogen with MgCl2 and CaCO3,
and immediately used for pigment extraction with 80% acetone. The pigment content was
measured spectrophotometrically using a UV-Vis spectrophotometer Jasco V-650 (Jasco Co,
Japan). Chls and carotenoids content was calculated according to the method that has already
been described [100]. Pchlide content was calculated using the molar etinction coefficient
determined by Kahn [101].
Fluorescence spectroscopy
Fluorescence emission spectra were measured using a steady-state Perkin Elmer LS-55B
spectrofluorimeter (Perkin Elmer, UK) equipped with a liquid nitrogen device for measure-
ments at 77K. The excitation wavelength was 440 nm. The emission spectra were measured
within a range 600–790 nm and automatically corrected for the wavelength-dependent sensi-
tivity of the photomultiplier. The excitation and emission slits were set at 10 and 5 nm, respec-
tively. A scanning speed of 500 or 700 nm/min was applied. Wavelength reproducibility
was ± 0.5 nm.
The leaf fragments or etioplast suspension used for fluorescence measurements were placed
in a glass capillary of 2.5 mm in diameter and 7 cm in length under dim green light and frozen
in liquid nitrogen for 77 K fluorescence measurements.
Statistical analysis
Approximately 150 seedlings grown under the same conditions were taken to prepare the
pooled protein extract. All experiments were repeated 3–5 times. A one-way analysis of vari-
ance ANOVA and Tukey’s post test were used for statistical analyses.
In the case of 77 K fluorescence experiments, B, M and T fragments of a single leaf were
measured. The measurements were repeated for at least 16 leaves for etiolated plants and 11
leaves in the case of greening. See the description of the figures for more details. The statistical
significance of these results was determined based on Student’s t-test with the Cochran-Cox
adjustment when applicable. To determine if the Cochran-Cox adjustment is needed, Snede-
cor’s F-test of the equality of variances was used.
Results
Detection and identification of SOD forms
We analyzed protein extracts from whole leaves that were grown in different light conditions
i.e. etiolated, greening and green leaves. Four SOD bands were observed in all these samples, as
shown in Fig 1. The same pattern was found for different deetiolation times (S1 Fig). The spe-
cific reactions with NaCN, the inhibitor of Cu/Zn-SOD, and with H2O2, the inhibitor of Fe-
SOD and of Cu/Zn-SOD, revealed the presence of two classes i.e. Mn-SOD and Cu/Zn-SOD.
Among Cu/Zn-SOD, three isoforms were detected, denoted as I, II, III. Fe-SOD was not found
(Fig 1). Cu/Zn-SOD I showed the highest activity in all the lanes, then Cu/Zn-SOD II form
and the least Mn-SOD and Cu/Zn-SOD III.
SODs and wheat deetiolation
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Distribution of SOD isoforms along a T. aestivum leaf
The activity of SODs in the basal (B), middle (M) and tip (T) fragments of leaves (Fig 2A) was
compared. Mn-SOD, Cu/Zn-SOD I, Cu/Zn-SOD II and Cu/Zn-SOD III isoforms were
detected in all samples (Fig 2B). The highest activity was observed for Cu/Zn-SOD I, then for
Cu/Zn-SOD II. The intensity of the corresponding bands differed among lanes representing
different leaf fragments. An increase in the activity of Mn-SOD and of two Cu/Zn-SOD iso-
forms, i.e. Cu/Zn-SOD II and Cu/Zn-SOD III, from the base to the tip leaf fragments, was
observed (Fig 2C). The activity of these enzymes was at least 30% higher in samples prepared
from T fragments as compared to those prepared from B fragments. On the contrary, the activ-
ity of Cu/Zn-SOD I was at its highest in the B fragments and it decreased by about 20% toward
the T fragments. The total activity of SODs was slightly higher for M leaf fragments than for T
and B. However, this difference between samples always ranged between 2 and 10%.
Fluorescence emission spectra measured at 77 K revealed fluorescence properties of Pchlide
accumulated in B, M and T fragments. They were complex (Fig 2D) and comprised two main
bands having maxima at 633 and 654 nm, which originated from nonphotoactive and photoac-
tive Pchlide, respectively. The relative fluorescence intensity of these bands expressed as a ratio
of the intensity read from the spectra at 654 to that read at 633 nm (F654/F633) was at its high-
est in the M fragments, but at its lowest in the T fragments (Fig 2E). The high variability of this
parameter among single leaves should be noted, which is due to a developmental heterogeneity
among leaves and which points to similar heterogeneity in the pooled sample used for the anal-
ysis of SOD activity.
Measurements of pigment content revealed a gradient of carotenoids and Pchlide distri-
bution along etiolated leaves (Table 1). For both pigments, the content was at its highest in
T parts, while it was at its lowest in B parts. In the case of T fragments the high content of
Pchlide (Table 1) and the highest fluorescence of the short-wavelength band (Fig 2D) corre-
sponded to the highest activity of Mn-SOD, Cu/Zn-SOD II and Cu/Zn-SOD III found in
these fragments (Fig 2C). However, there were no correlation between the activity of any
SODs (Fig 2C) and the relative amount of photoactive Pchlide, expressed as F654/F633 ratio
(Fig 2E) along a leaf.
Fig 1. Identification of SOD forms in wheat leaves. Native polyacrylamide gel electrophoresis (PAGE) of SODs in
6-day-old wheat leaves: Lane 1A –etiolated, Lane 1B –etiolated and then deetiolated under white light (100 μmol
photons m-2 s-1) for 4 hours, Lane 1C –grown under a 14 hour photoperiod (100 μmol photons m-2 s-1). The inhibitors
were: NaCN–the inhibitor of Cu/Zn-SOD (Lanes 2A-2C) and H2O2 –the inhibitor of Fe-SOD and of Cu/Zn-SOD
(Lanes 3A-3C). Each well was loaded with 25 μg of protein.
https://doi.org/10.1371/journal.pone.0194678.g001
SODs and wheat deetiolation
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Fig 2. Distribution of SOD isoforms and Pchlide fluorescence along etiolated wheat leaves. A) Experimental model: tip (T), middle (M) and basal (B) leaf
fragments were collected for the experiments; B) Native PAGE for the detection of SOD in T, M and B leaf fragments; the pooled sample was used for
electrophoresis. Each well was loaded with 25 μg of protein; C) The distribution of the relative activity of SOD isoforms in B, M and T etiolated leaf fragments; the
data represents the mean ± SD, n = 3,  p< 0.05,  p< 0.01; D) 77 K fluorescence emission spectra of T, M and B etiolated leaf fragments; excitation: 440 nm; E)
The average ratio of fluorescence intensity at 654 nm to the intensity at 633 nm (F654/F633) read from fluorescence spectra measured for single leaf fragments, the
data represents mean ± SD, n> 30,  p< 0.001.
https://doi.org/10.1371/journal.pone.0194678.g002
SODs and wheat deetiolation
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Increase in SOD activity in flash-illuminated etiolated leaves
In the case of plants that were illuminated with a strong flash of white light of one millisecond’s
duration, and then incubated in the dark for 30 minutes, higher activity of all SOD forms was
detected in M fragments as compared to the respective etiolated leaf fragments (Fig 3A and
3B). The increase of the activity of Cu/Zn-SODs was also noticed in T fragments in these
experimental conditions, however, the effect was small. The respective low temperature fluo-
rescence spectrum had the main band with a maximum at around 684 nm (Fig 3C). Two other
bands at 633 nm and 654 nm were also seen, but their intensity was relatively low. In the case
of spectra measured immediately after the flash, the disappearance of the emission band with a
maximum at around 654 nm and the appearance of a new band at around 688 nm were
observed (S2 Fig).
Seedling deetiolation under continuous light
The greening process under continuous white light of 100 μmol photons m-2 s-1 was obviously
the fastest in the M leaf fragments as compared to the B and T fragments. The M fragments
became pale green-yellow after as little as 2 hours of greening whereas the T and B fragments
stayed yellow and pale yellow, respectively. After 4–6 hours of continuous greening only the T
fragments were still yellowish, whereas both B and M fragments were already green. After 24
hours, whole leaves became green.
These observations were confirmed by measuring photosynthetic pigment content. A mas-
sive accumulation of Chls was observed (Fig 4A). The amount of Chls in M fragments was
always higher than in other fragments. The amounts of carotenoids increased over the course
of greening in B and M parts (Fig 4B). In T parts, the amounts of carotenoids stayed approxi-
mately at the same level for up to six hours of greening and it was about 40% higher after 24
hours of greening. In all cases, the carotenoid content was at its highest in the T fragments and
at its lowest in the B fragments.
The fluorescence emission spectrum measured at 77 K for M leaf fragments that had been
deetiolated for different time periods under continuous light contained two bands, one with a
maximum at around 680–685 nm and the other at around 730 nm (Fig 4C). Even if quite a
large developmental heterogeneity was observed (Fig 4D), especially for T leaf fragments and
short deetiolation times, the short-wavelength band showed a gradual red-shift for increasing
greening times (Fig 4C and 4D). A similar effect was noticed for the other band (Fig 4C). The
relative fluorescence intensity of the band with a maximum at around 730 nm significantly
increased with increasing deetiolation time. A red-shift was also observed. This increase was
much higher than that resulting only from self-absorption caused by the increasing amount of
accumulated Chls (Figure A in S1 File).
Some fluctuations in the relative activity of SODs were observed in these greening condi-
tions, especially for greening times shorter than 6 hours, and for M and T leaf fragments. For
Table 1. Protochlorophyllide and carotenoid content determined in T, M and B fragments of etiolated wheat leaves.
Leaf fragment Pchlide
[μg/g F.W.]
Carotenoids
[μg/g F.W.]
Pchlide/Carotenoids
T 39.83±8.62 215.87±5.04 0.185±0.044
M 29.92±4.39 148.85±16.62 0.202±0.026
B 10.11±2.50 30.96±4.47 0.324±0.042
Statistical significance: for Pchlide content in T vs. B and M vs. B, p < 0.01; for Carotenoid content T vs. M, p < 0.05; T vs. B and M vs. B, p < 0.001, for Pchlide/
Carotenoids T vs. B, p < 0.05; M vs. B p < 0.01; n = 3.
https://doi.org/10.1371/journal.pone.0194678.t001
SODs and wheat deetiolation
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Fig 3. Flash-induced Pchlide photoreduction in 6-day-old etiolated wheat leaves. A) Native PAGE of SOD isoforms
in M fragments of leaves: E—etiolated, EFD—etiolated and then illuminated with a single flash followed by incubation
in darkness for 30 minutes; The pooled sample was used for electrophoresis; each well was loaded with 25 μg of protein
SODs and wheat deetiolation
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samples analysed on the same PAGE gel, a slight decrease in relative Mn-SOD activity was
observed for an increasing deetiolation time. An increase in Cu/Zn-SODs activity (up to 20%)
was also noticed at the beginning of greening with respect to the etiolated samples. However,
because of the limited number of lanes on a single gel it was impossible to compare samples
directly for all these greening times. To compare all the results, we normalized the activity of
all the isoforms in a single lane and compared the relative activities of the isoforms (Fig 4E).
The decrease in the relative activity of Mn-SOD and Cu/Zn-SOD III, and the increase in this
activity for Cu/Zn-SOD II were noticed within the first 2 hours of deetiolation.
It has to be noted that in the case of samples grown under photoperiod, the activity of Mn-
SOD was significantly higher (about 80%, p< 0.05) whereas the activity of Cu/Zn-SOD II was
significantly lower (30%, p< 0.05) as compared to samples that were etiolated and then deetio-
lated for 24 hours.
The activity of SOD in isolated plastids
To monitor the abundance of SODs in developing chloroplasts, etioplasts were isolated from
etiolated seedlings, and etiochloroplasts were isolated from seedlings that had been etiolated
and then flashed and incubated in the dark, as well as from those that had been etiolated and
deetiolated under continuous light. Greening conditions were the same as those used in the
study of leaves, as described above. Aliquots of the samples taken for SOD analysis were used
for recording fluorescence emission spectra at 77 K. Three fluorescence bands were observed
in the spectrum measured for etiochloroplasts that were isolated from leaves after illumination
with a single flash followed by dark incubation (Fig 5A). The band at 655 nm was not observed
for deetiolation under continuous illumination, thus it originated from regenerated photoac-
tive Pchlide complexes. The main band observed for etiochloroplasts at 680–682 nm was
accompanied by two bands of low intensity with maxima at 633 and 730 nm. In the case of
chloroplasts, the fluorescence band with a maximum at 730 nm showed much higher intensity
than the band at 680 nm.
In isolated plastids, only Cu/Zn-SOD II and Cu/Zn-SOD III isoforms were detected (Fig
5B). The highest activity of these enzymes was noticed for the samples that were illuminated
with a flash and then kept in darkness. For plastids isolated from leaves that were deetiolated
under continuous light, no significant differences in SOD activity were observed.
Discussion
Our study showed the presence of the same SOD forms, i.e. one Mn-SOD and three isoforms
of Cu/Zn-SOD, in etiolated, green and greening leaves of T. aestivum (Fig 1, S1 Fig). This
means that no additional SOD forms appear due to a light-triggered change of plant develop-
mental program from skoto- to photomorphogenesis. Cu/Zn-SOD II and Cu/Zn-SOD III
were found in plastids (Fig 5), which is in line with the earlier studies [60–62]. Cu/Zn-SOD II
showed much higher activity than Cu/Zn-SOD III. Fe-SOD, which is also regarded as a chloro-
plastic enzyme [62,71], was not detected in wheat samples in this study. Similarly, Navari-Izzo
et al. [60] detected only Cu/Zn-SODs in washed wheat chloroplasts. Recently, a weak expres-
sion of FeSOD was shown in etiolated wheat seedlings, which strongly increased during deetio-
lation [102]. However, the activity of Fe-SOD stayed undetectable on the native gels up to 48
B) The distribution of the relative activity of SOD isoforms in M leaf fragments; the data represents the mean ± SD,
n = 3 ( p< 0.01;  p< 0.001); C) Fluorescence emission spectra measured at 77 K for M fragments of laves;
Excitation 440 nm.
https://doi.org/10.1371/journal.pone.0194678.g003
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hours of deetiolation. It was then concluded that Fe-SOD isoform is characteristic for mature
chloroplasts [102].
We found Cu/Zn-SOD I only in samples prepared from leaves (Figs 1–3) but not in isolated
plastids (Fig 5). As has already been shown [62], it seems to be an extraplastidic SOD form,
probably a cytosolic one. The observation of Mn-SOD in leaves (Figs 1–3) and not in the iso-
lated plastids (Fig 5) is in agreement with the already confirmed mitochondrial and peroxi-
somal localization of this enzyme [47,73].
The activity of different SOD forms was unequally distributed along etiolated wheat leaves
(Fig 2B and 2C). Obviously in monocot plants, B leaf fragments contain the youngest, dividing
cells, whereas the oldest cells are in T fragments [22,95,96]. The increase in Mn-SOD activity
observed from the base to the tip of leaves indicates that ROS production increases in peroxi-
somes or in the respiratory chain in mitochondria in aging T.aestivum mesophyll cells. The
increase in the activity of plastidic Cu/Zn-SOD II and Cu/Zn-SOD III from the base to the tip
of leaves fragments, pointed to an increasing ROS production in aging etioplasts, which accu-
mulate a high amount of Pchlide, much higher than those in B parts (Table 1). Although, the
amount of Pchlide accumulated in M fragments was only about 25% lower than in T fragments,
the relative amount of photoactive Pchlide was much higher there, as judged from F654/F633
parameter (Fig 2D and 2E). This reflects the readiness of M fragments to become green upon illu-
mination. Moreover, the accumulation of photoactive Pchlide:LPOR:NADPH complexes is an
indirect confirmation of the presence of a regular PLB structure in M leaf fragments [16,95,103,
104]. On the contrary, T fragments accumulated mostly nonphotoactive Pchlide (Table 1 and Fig
2E). This may be related to insufficient LPOR delivery or partial degradation in the photoactive
Pchlide:LPOR:NADPH complexes and PLBs in aging etioplasts. A decrease of the F654/F633
ratio and loss of the ability to convert Pchlide into Chlide was already induced by thermal deacti-
vation of the LPOR enzyme in isolated PLBs [105] as well as by NADPH oxidation and PLB deg-
radation caused by Hg2+ [106,107] and other ions [108]. To sum it up, the observation of an
Fig 4. Deetiolation of 6-day-old etiolated wheat leaves under continuous white light (100 μmol photons m-2 s-1). A) Chlorophyll content; B) Carotenoid content;
Statistically insignificant differences in A and B (p> 0.01) were marked with the same letters (n = 3); C) Representative 77 K fluorescence emission spectra for M leaf
fragments; Excitation at 440 nm; D) Scatter of the position of fluorescence emission maximum (indicated with a green grid line in C) in the course of greening, as
representative to the pooled sample taken for SOD native PAGE analysis; E) Average relative activity of SODs for M leaf fragments calculated with respect to the total
SOD activity in a single lane of gel; 3–5 gels were compared for each greening time; the data represents the mean ± SD, n = 3–5.
https://doi.org/10.1371/journal.pone.0194678.g004
Fig 5. SOD in isolated plastids. A) Fluorescence emission spectra measured at 77 K for plastids isolated from leaves treated in the same
way as for SOD identification; excitation: 440 nm; greening time–indicated in the legend; EFD–plastids isolated from leaves that were
etiolated for 6 days and then illuminated with a flash of white light; plastid isolation was begun directly after the flash or indicated
greening times and lasted c.a. 30 min; they were isolated under a dim green light; B) The distribution of the relative activity of SOD
isoforms in plastids isolated from M leaf fragments; the data represents the mean ± SD (n = 3,  p< 0.05;  p< 0.01).
https://doi.org/10.1371/journal.pone.0194678.g005
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increase in the activity of plastidic Cu/Zn-SOD II and Cu/Zn-SOD III from the base to the tip of
leaves would point to a source of light-independent ROS formation in aging etioplasts. This is
somehow connected to the accumulation of nonphotoactive Pchlide and does not correspond to
the ability to green in respective leaf fragments, as reflected by the F654/F633 ratio.
Interestingly, we observed a significant decrease in Cu/Zn-SOD I activity, which is an extraplas-
tidic SOD form, toward the tip of etiolated leaves (Fig 2C), which was even higher for green leaves
(S3 Fig). This observation indicates high ROS production in the cytosol or apoplast of young cells,
which may be linked to biochemical processes related to cell differentiation in monocot leaves.
The next question we addressed in this study concerned SOD activity at initial deetiolation.
At this developmental stage, juvenile plants are illuminated unexpectedly for the first time,
which may induce unquenched overexcitation of tetrapyrroles, in particular Pchlide and
Chlide, and brings the risk of ROS formation. A significant increase in the activity of all SOD
forms was observed shortly after the pulse of light followed by dark incubation, indicating an
increase in ROS production. The effect was noticed mainly in M leaf fragments (Fig 3B) and in
isolated etioplasts (Fig 5B). The flash triggered the photoreduction of photoactive Pchlide. In
the following dark incubation, the nonphotoacive Pchlide served as a substrate for the regener-
ation of photoactive Pchlide:LPOR:NADPH complexes manifested in our experiments as a
band around 654 nm in the illuminated samples (Figs 3C and 5A), which concurs with earlier
observations [20,21]. Moreover, judging from the position of Chlide fluorescence maximum
(Figs 3C and 5A) [21], we can state that Chlide release was already well-advanced at the end of
dark incubation, and thus in the samples taken for SOD analysis. According to the earlier
observations [17,21], this Chlide probably underwent esterification to Chl in our samples.
However, it should be mentioned that the flash also excited molecules of nonphotoactive
Pchlide present in the samples (Figs 2D, 2E and 5A). They may interact with oxygen, leading
to singlet oxygen formation and inducing photooxidative damage to the etiolated seedlings
[79,109,110]. On the other hand, it was shown that singlet oxygen does not act primarily as a
toxin but rather as a signaling molecule that activates several stress-response pathways, differ-
ent from those induced by superoxide or H2O2 [79]. Our experiments clearly showed the high-
est increase in SOD activity in samples where the excitation light was efficiently used for
Pchlide photoreducion to Chlide and the relative content of nonphotoactive Pchlide was quite
small. This indicates the involvement of SODs in ROS scavenging in flash-illuminated and
subsequently dark-incubated etioplasts, probably to protect the newly formed Chlide.
It should also be underlined that inducing deetiolation with a single flash followed by dark
incubation is a model frequently used for studying the initial reactions of the deetiolation pro-
cess [10,11,22]. However, care should be taken concerning ROS formations, which may be par-
ticularly important for plant species that accumulate a relatively high level of nonhotoactive
Pchlide form.
SOD activity was also monitored in wheat seedlings over the course of their deetiolation
under continuous white light of moderate intensity (100 μmol photons m-2 s-1). It is well
known that continuous illumination results in a continuous Pchlide photoreduction and Chl
formation, which triggers PLB dispersion followed by formation of thylakoid membranes. The
greening process is multiphasic and the individual mechanisms involved in energy trapping,
protection as well as respiration are sequentially activated [21,99,111–114]. First, the photosys-
tems reaction centre cores are assembled, which is followed by a progressive development of
complex antenna systems. It was shown that the assembly of the PSII activity started within
the first 20 minutes of greening [83] and took several hours to be completed [83,111]. The for-
mation of PSII reaction centers and their minor antenna components were observed within
the first 3–4 hours of deetiolation, whereas LHCII polypeptides started to accumulate after
that time [99]. However, at the early greening stages an unbound Chl was detected, which
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could be detected for up to 7 hours of greening [83]. Chl molecules unbound to pigment-pro-
tein complexes showed photophysical properties similar to Chl monomers in solution [83],
and can easily undergo photooxidation [115].
In our study, spectral changes reflecting the assembly of PS I and PS II complexes were
observed mainly within the first four hours of greening (Fig 4C and 4D). For these greening
stages, some fluctuations in the relative activity of plastidic Cu/Zn-SOD II and Cu/Zn-SOD III
were observed (Fig 4E). For deetiolation longer than 4 hours, a gradual increase in the relative
fluorescence intensity of the band with its maximum around 730 nm (Fig 4C), which reflected
the ongoing assembly of the PSI complexes. However, the relative activity of SODs stayed at
the same level for greening times longer than 4 hours (Fig 5E).
Garmash et al. [102] showed a gradual increase of total SODs activity over the course of 12
hours of wheat greening, although the activity of Cu/Zn-SOD II isoform stayed at the same
level. The activity of Cu/Zn-SOD I was not detected after 24 hours of greening. Interestingly,
the relative expression of CuZnSOD was significantly lower in leaves after one hour of deetiola-
tion as compared to etiolated ones, and gradually increased up to 12 hours of deetiolation.
Mattagajasingh and Kar [116] observed unchanged total SOD activity during the greening of
etiolated wheat leaves. However, it is difficult to compare directly the greening condition in
those studies and in our own. An increase in total SOD activity was observed over the course
of the deetiolation of oat and pea plumules, being at its highest within the first 12 hours,
although they did not analyse greening times shorter than 12 hours [117]. Moreover, an
increase in activity of other antioxidant enzymes (catalase, peroxidase and glutation reductase)
was also observed during greening of wheat seedlings [102,116].
ROS production at the initial greening stages under continuous light may also be related to
a developing and not fully functioning electron transport chain in etiochloroplasts. The devel-
oping PSI may be a site of O2
•- generation similar to green plants [71,118]. In the case of over-
loading the electron transport chain and NADP+ deficiency, some electrons are transported
from ferredoxin to O2, reducing it to O2
•-via a Mehler reaction [119]. The acceptor site of PSII
can also participate in the leakage of electrons to molecular oxygen, resulting in the formation
of a O2
•- [120–123]. It was recently shown that plastid terminal oxidase, which may play a role
in the reoxidation of reduced PQ [124–126], is essential for chloroplast biogenesis [127], espe-
cially during the early stages of chloroplast biogenesis prior to the development of full photo-
synthetic competence [128]. However, it can also act as a site of O2
•- production in a side
reaction [129]. Plastidic SODs forms play a role in scavenging O2
•- produced in these reac-
tions. Thus we observed changes in SOD activity at initial greening. However, the specificity of
each of two plastidic SODs is still unknown.
This study has shown the involvement of SODs in the process of angiosperm greening. Green-
ing under continuous light of moderate intensity may induce ROS generation at the early green-
ing stages, covering the assembly of the photosystems and minor antenna, as shown by changes in
the activity of SODs. In contrast to this, a single flash induced a significant increase in SOD activ-
ity even if the Pchlide photoreduction was efficient. It should be underlined that triggering the
deetiolation with a single flash and with a continuous illumination might differently influence the
signalling pathways controlled by phytochromes and other photoreceptors. The results of this
study also showed that triggering deetiolation with a strong flash, which is often used in greening
studies, needs to be revised with respect to uncontrolled ROS generation.
Supporting information
S1 Fig. SOD forms in wheat leaves. Native PAGE of SODs in 6-day-old wheat leaves: Lanes 1,
2, 3 M, T, B leaf fragments; A- etiolated; B, C, D–etiolated and then deetiolated under white
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light (100 μmol photons m-2 s-1) for 4 hours (B), 6 hours (C), 24 hours (D). Each well was
loaded with 25 μg of protein.
(TIF)
S2 Fig. Fluorescence spectra of etiolated leaf after a flash. A representative 77K fluorescence
spectrum of etiolated M fragment treated with a single flash of white light from a photographic
lamp (Quantuum MOVE 200, China; energy output 200 J)) and immediately frozen at liquid
nitrogen. The bands of nonphotoactive Pchlide and the newly formed Chlide are indicated.
(TIF)
S3 Fig. Cu/Zn SOD I activity in green wheat leaves. The distribution of the relative activity of
Cu/Zn-SOD I isoform in B, M and T leaf fragments of seedlings grown under a 14-hour pho-
toperiod (100 μmol photons m-2 s-1); The data represents the mean ± SD, n = 3,  p<0.01.
(TIF)
S1 File. Self-absorption problem in 77 K fluorescence measurements.
(DOCX)
Acknowledgments
The Faculty of Biochemistry, Biophysics and Biotechnology of Jagiellonian University is a part-
ner of the Leading National Research Center (KNOW) supported by the Ministry of Science
and Higher Education.
Author Contributions
Conceptualization: Beata Mysliwa-Kurdziel.
Data curation: Kamil F. Trzebuniak, Beata Mysliwa-Kurdziel.
Formal analysis: Gracjana Leonowicz, Kamil F. Trzebuniak, Beata Mysliwa-Kurdziel.
Funding acquisition: Beata Mysliwa-Kurdziel.
Investigation: Gracjana Leonowicz, Kamil F. Trzebuniak, Paulina Zimak-Piekarczyk, Beata
Mysliwa-Kurdziel.
Methodology: Gracjana Leonowicz, Kamil F. Trzebuniak, Paulina Zimak-Piekarczyk, Ireneusz
Ślesak, Beata Mysliwa-Kurdziel.
Project administration: Beata Mysliwa-Kurdziel.
Resources: Beata Mysliwa-Kurdziel.
Software: Gracjana Leonowicz, Kamil F. Trzebuniak.
Supervision: Beata Mysliwa-Kurdziel.
Validation: Gracjana Leonowicz, Kamil F. Trzebuniak, Paulina Zimak-Piekarczyk, Ireneusz
Ślesak, Beata Mysliwa-Kurdziel.
Visualization: Gracjana Leonowicz, Kamil F. Trzebuniak, Beata Mysliwa-Kurdziel.
Writing – original draft: Beata Mysliwa-Kurdziel.
Writing – review & editing: Kamil F. Trzebuniak, Ireneusz Ślesak, Beata Mysliwa-Kurdziel.
References
1. Masuda T. Recent overview of the Mg branch of the tetrapyrrole biosynthesis leading to chlorophylls.
Photosynth Res. 2008; 96(2): 121–143. https://doi.org/10.1007/s11120-008-9291-4 PMID: 18273690
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 15 / 21
2. Solymosi K, Schoefs B. Etioplast and etio-chloroplast formation under natural conditions: the dark side
of chlorophyll biosynthesis in angiosperms. Photosynth Res. 2010; 105(2): 143–166. https://doi.org/
10.1007/s11120-010-9568-2 PMID: 20582474
3. Brzezowski P, Richter AS, Grimm B. Regulation and function of tetrapyrrole biosynthesis in plants and
algae. Biochim Biophys Acta. 2015; 1847(9): 968–985. https://doi.org/10.1016/j.bbabio.2015.05.007
PMID: 25979235
4. Yang J, Cheng Q. Origin and evolution of the light dependent protochlorophyllide oxidoreductase
(LPOR) genes. Plant Biol. 2004; 6: 537–544. https://doi.org/10.1055/s-2004-821270 PMID: 15375724
5. Gabruk M, Mysliwa-Kurdziel B. Light-Dependent Protochlorophyllide Oxidoreductase: Phylogeny,
Regulation, and Catalytic Properties. Biochemistry. 2015; 54(34): 5255–5262. https://doi.org/10.1021/
acs.biochem.5b00704 PMID: 26230427
6. Blomqvist LA, Ryberg M, Sundqvist C. Proteomic analysis of highly purified prolamellar bodies reveals
their significance in chloroplast development. Photosynth Res. 2008; 96(1): 37–50. https://doi.org/10.
1007/s11120-007-9281-y PMID: 18071923
7. von Zychlinski A, Kleffmann T, Krishnamurthy N, Sjo¨lander K, Baginsky S, Gruissem W. Proteome
analysis of the rice etioplast: metabolic and regulatory networks and novel protein functions. Mol Cell
Proteomics. 2005; 4(8): 1072–1084. https://doi.org/10.1074/mcp.M500018-MCP200 PMID: 15901827
8. Plo¨scher M, Reisinger V, Eichacker LA. Proteomic comparison of etioplast and chloroplast protein
complexes. J Proteomics. 2011; 74(8): 1256–1265. https://doi.org/10.1016/j.jprot.2011.03.020 PMID:
21440687
9. Masuda T, Fujita Y. Regulation and evolution of chlorophyll metabolism. Photochem Photobiol Sci.
2008; 7(10): 1131–1149. https://doi.org/10.1039/b807210h PMID: 18846277
10. Schoefs B, Franck F. Protochlorophyllide reduction: mechanisms and evolutions. Photochem Photo-
biol. 2003; 78(6): 543–557. PMID: 14743862
11. Schoefs B. Protochlorophyllide reduction—What is new in 2005? Photosynthetica. 2005; 43(3): 329–
343.
12. Belyaeva OB, Litvin FF. Photoactive pigment-enzyme complexes of chlorophyll precursor in plant
leaves. Biochemistry (Mosc). 2007; 72(13): 1458–1477.
13. Jiao Y, Lau OS, Deng XW. Light-regulated transcriptional networks in higher plants. Nat Rev Genet.
2007; 8(3): 217–230. https://doi.org/10.1038/nrg2049 PMID: 17304247
14. Wang P, Grimm B. Organization of chlorophyll biosynthesis and insertion of chlorophyll into the chloro-
phyll-binding proteins in chloroplasts. Photosynthesis Res. 2015; 126(1–2): 189–202.
15. Virgin HI, Kahn A, von Wettstein D. The physiology of chlorophyll formation in relation to structural
changes in chloroplasts. Photochem Photobiol. 1963; 2(2): 83–91.
16. Klein S, Schiff JK. The correlated appearance of prolamellar bodies, protochlorophyllide species, and
the Shibata shift during development of bean etioplasts in the dark. Plant Physiol. 1972; 49: 619–626.
PMID: 16658012
17. Henningsen KW, Thorne S. Esterification and spectral shifts of chlorophyll(ide) in wildtype and mutant
seedlings developed in darkness. Physiol Plant. 1974; 30(1): 82–89.
18. Franck F, Bereza B, Bo¨ddi B. Protochlorophyllide-NADP+ and protochlorophyllide-NADPH complexes
and their regeneration after flash illumination in leaves and etioplast membranes of dark-grown wheat.
Photosynth Res. 1999; 59(1): 53–61.
19. Schoefs B, Bertrand M, Funk C. Photoactive protochlorophyllide regeneration in cotyledons and
leaves form higher plants. Photochem Photobiol. 2000; 72(5): 660–668. PMID: 11107852
20. Amirjani MR, Sundqvist C. Regeneration of protochlorophyllide in green and greening leaves of plants
with varying proportions of protochlorophyllide forms in darkness. Physiol Plant. 2004; 121(3): 377–
390.
21. Rassadina V, Domanskii V, Averina NG, Schoch S, Ru¨diger W. Correlation between chlorophyllide
esterification, Shibata shift and regeneration of protochlorophyllide650 in flash-irradiated etiolated bar-
ley leaves. Physiol Plant. 2004; 121(4): 556–567.
22. Solymosi K, Aronsson H. Etioplast and Their Significance in Chloroplast Biogenesis. In: Biswal B, Kru-
pinska K, Biswal UC, editors. Plastid Development in Leaves During Growth and Senescence:
Advances in Photosynthesis and Respiration. Springer; 2013. pp. 39–71. https://doi.org/10.1007/978-
94-007-5724-0
23. Belyaeva OB, Litvin FF. Mechanisms of phototransformation of protochlorophyllide into chlorophyllide.
Biochemistry (Mosc). 2014; 79(4): 337–348.
24. Rascio N, Mariani P, Casadoro G. Etioplast-chloroplast transformation in maize leaves: Effects of tis-
sue age and light intensity. Protoplasma. 1984; 119(1): 110–120.
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 16 / 21
25. Schoefs B, Garnir HP, Bertrand M. Comparison of the photoreduction of protochlorophyllide to chloro-
phyllide in leaves and cotyledons from dark-grown bean as a function of age. Photosynth Res. 1994;
41(3): 405–417. https://doi.org/10.1007/BF02183043 PMID: 24310155
26. Babani F, Lichtenthaler HK. Light-induced and age-dependent development of chloroplasts in etio-
lated barley leaves as visualized by determination of photosynthetic pigments, C02 assimilation rates
and different kinds of chlorophyll fluorescence ratios. J Plant Physiol. 1996; 148(5): 555–566.
27. Savchenko GE, Klyuchareva EA, Kabashnikova LF. Tissue-specific features of pigment biogenesis in
coleoptiles of greening etiolated seedlings of cereals. 2005; 52(5): 667–671.
28. Rumak I, Mazur R, Gieczewska K, Kozioł-Lipińska J, Kierdaszuk B, Michalski WP, et al. Correlation
between spatial (3D) structure of pea and bean thylakoid membranes and arrangement of chlorophyll-
protein complexes. BMC Plant Biol. 2012; 12:72. https://doi.org/10.1186/1471-2229-12-72 PMID:
22631450
29. Casal JJ. Phytochromes, cryptochromes, phototropin: photoreceptor interactions in plants. Photo-
chem Photobiol. 2000; 71(1): 1–11. PMID: 10649883
30. Strasser B, Sanchez-Lamas M, Yanovsky MJ, Casal JJ, Cerdan PD. Arabidopsis thaliana life without
phytochromes. Proc Natl Acad Sci USA. 2010; 107(10): 4776–4781. https://doi.org/10.1073/pnas.
0910446107 PMID: 20176939
31. Kreslavski VD, Kosobryukhov AA, Schmitt FJ, Semenova GA, Shirshikova GN, Khudyakova AY, et al.
Photochemical activity and the structure of chloroplasts in Arabidopsis thaliana L. mutants deficient in
phytochrome A and B. Protoplasma. 2017; 254(3): 1283–1293. https://doi.org/10.1007/s00709-016-
1020-9 PMID: 27586644
32. Kircher S, Terecskei K, Wolf I, Sipos M, Adam E. Phytochrome a-specific signaling in Arabidopsis
thaliana. Plant Signal Behav. 2011; 6(11): 1714–1719. https://doi.org/10.4161/psb.6.11.17509 PMID:
22067110
33. Yuan M, Zhao YQ, Zhang ZW, Chen YE, Ding CB, Yuan S. Light regulates transcription of chlorophyll
biosynthetic genes during chloroplast biogenesis. CRC Crit Rev Plant Sci. 2017; 36(1): 35–54.
34. Zhao J, Zhou J jun, Wang Y, Gu J, Xie X. Positive regulation of phytochrome B on chlorophyll biosyn-
thesis and chloroplast development in rice. Rice Sci. 2013; 20(4): 243–248.
35. Tepperman JM, Hwang YS, Quail PH. PhyA dominates in transduction of red-light signals to rapidly
responding genes at the initiation of Arabidopsis seedling de-etiolation. Plant J. 2006; 48(5): 728–742.
https://doi.org/10.1111/j.1365-313X.2006.02914.x PMID: 17076805
36. Busch AWU, Montgomery BL. Interdependence of tetrapyrrole metabolism, the generation of oxidative
stress and the mitigative oxidative stress response. Redox Biol. 2015; 4: 260–271. https://doi.org/10.
1016/j.redox.2015.01.010 PMID: 25618582
37. Jung S, Lee HJ, Lee Y, Kang K, Kim YS, Grimm B, et al. Toxic tetrapyrrole accumulation in protopor-
phyrinogen IX oxidase-overexpressing transgenic rice plants. Plant Mol Biol. 2008; 67(5): 535–546.
https://doi.org/10.1007/s11103-008-9338-0 PMID: 18437505
38. Kruse E, Mock HP, Grimm B. Reduction of coproporphyrinogen oxidase level by antisense RNA syn-
thesis leads to deregulated gene expression of plastid proteins and affects the oxidative defense sys-
tem. EMBO J. 1995; 14(15): 3712–3720. PMID: 7641690
39. Foyer CH, Noctor G. Redox regulation in photosynthetic organisms: signaling, acclimation, and practi-
cal implications. Antioxid Redox Signal. 2009; 11(4): 861–905. https://doi.org/10.1089/ars.2008.2177
PMID: 19239350
40. Foyer CH, Noctor G. Stress-triggered redox signalling: What’s in pROSpect? Plant Cell Environ. 2016;
39(5): 951–964. https://doi.org/10.1111/pce.12621 PMID: 26264148
41. Galvez-Valdivieso G, Mullineaux PM. The role of reactive oxygen species in signalling from chloro-
plasts to the nucleus. Physiol Plant. 2010; 581 138(4): 430–439. https://doi.org/10.1111/j.1399-3054.
2009.01331.x PMID: 20028481
42. Ślesak I, Libik M, Karpinska B, Karpinski S, Miszalski Z. The role of hydrogen peroxide in regulation of
plant metabolism and cellular signalling in response to environmental stresses. Acta Biochim Pol.
2007; 54(1): 39–50. PMID: 17325747
43. Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, et al. ROS signaling: The
new wave? Trends Plant Sci. 2011; 16(6): 300–309. https://doi.org/10.1016/j.tplants.2011.03.007
PMID: 21482172
44. Glasauer A, Chandel NS. ROS. Current Biology. 2013; 23(3) pR100–R102.
45. Choudhury FK, Rivero RM, Blumwald E, Mittler R. Reactive oxygen species, abiotic stress and stress
combination. Plant J. 2017; 90(5): 856–867. https://doi.org/10.1111/tpj.13299 PMID: 27801967
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 17 / 21
46. Schmitt FJ, Renger G, Friedrich T, Kreslavski VD, Zharmukhamedov SK, Los DA, et al. Reactive oxy-
gen species: re-evaluation of generation, monitoring and role in stress-signaling in phototrophic organ-
isms. Biochim Biophys Acta—Bioenergetics. 2014; 1837: 835–848.
47. Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen species, oxidative damage, and antioxi-
dative defense mechanism in plants under stressful conditions. J Bot. 2012; 2012: 1–26.
48. Szymańska R, Ślesak I, Orzechowska A, Kruk J. Physiological and biochemical responses to high
light and temperature stress in plants. Environ Exp Bot. 2017; 139: 165–177.
49. Alscher RG, Ertrurk N, Heath LS. Role of superoxide dismutases (SODs) in controlling oxidative stress
in plants. J Exp Bot. 2002; 53(372): 1331–1341. PMID: 11997379
50. Lascano HR, Antonicelli GE, Luna CM, Melchiorre MN, Gomez LD, Racca RW, et al. Antioxidant sys-
tem response of different wheat cultivars under drought: field and in vitro studies. Aust J Plant Physiol.
2001; 28(11): 1095–1102.
51. Ślesak I, Karpinska B, Suro´wka E, Miszalski Z, Karpinski S. Redox changes in the chloroplast and
hydrogen peroxide are essential for regulation of C3-CAM transition and photooxidative stress
responses in the facultative CAM plant Mesembryanthemum crystallinum L. Plant Cell Physiol. 2003;
44(6): 573–581. PMID: 12826622
52. Ślesak I, HałdaśW, Ślesak H. Influence of exogenous carbohydrates on superoxide dismutase activity
in Trifolium repens L. explants cultured in vitro. Acta Biol Cracoviensia Ser Bot. 2006; 48(1): 93–98.
53. Ślesak I, Ślesak H, Libik M, Miszalski Z. Antioxidant response system in the short-term post-wounding
effect in Mesembryanthemum crystallinum leaves. J Plant Physiol. 2008; 165(2): 127–137. https://doi.
org/10.1016/j.jplph.2007.03.015 PMID: 17928099
54. Hurst AC, Grams TEE, Ratajczak R. Effects of salinity, high irradiance, ozone, and ethylene on mode
of photosynthesis, oxidative stress and oxidative damage in the C3/CAM intermediate plant Mesem-
bryanthemum crystallinum L. Plant, Cell Environ. 2004; 27(2): 187–197.
55. Huseynova IM, Aliyeva DR, Aliyev JA. Subcellular localization and responses of superoxide dismutase
isoforms in local wheat varieties subjected to continuous soil drought. Plant Physiol Biochem. 2014;
81: 54–60. https://doi.org/10.1016/j.plaphy.2014.01.018 PMID: 24560039
56. Wu GQ, Zhang LN, Wang YY. Response of growth and antioxidant enzymes to osmotic stress in two
different wheat (Triticum aestivum L.) cultivars seedlings. Plant Soil Env. 2012; 58(12): 534–539.
57. Cruz de Carvalho MH. Drought stress and reactive oxygen species: production, scavenging and sig-
naling. Plant Signal Behav. 2008; 3(3): 156–165. PMID: 19513210
58. Bowler C, Montagu M V, Inze D. Superoxide dismutase and stress tolerance. Annu Rev Plant Physiol
Plant Mol Biol. 1992; 43(1): 83–116.
59. Miller AF. Superoxide dismutases: Ancient enzymes and new insights. FEBS Letters. 2012; 586(5):
585–595. https://doi.org/10.1016/j.febslet.2011.10.048 PMID: 22079668
60. Navari-Izzo F, Quartacci MF, Pinzino C, Dalla Vecchia F, Sgherri CLM. Thylakoid-bound and stromal
antioxidative enzymes in wheat treated with excess copper. Physiol Plant. 1998; 104(4): 630–638.
61. Kliebenstein DJ, Monde R a, Last RL. Superoxide dismutase in Arabidopsis: an eclectic enzyme family
with disparate regulation and protein localization. Plant Physiol. 1998; 118(2): 637–650. PMID:
9765550
62. Pilon M, Ravet K, Tapken W. The biogenesis and physiological function of chloroplast superoxide dis-
mutases. Biochim Biophys Acta—Bioenergetics 2011; 1807(8): 989–998.
63. Sandalio LM, del Rı´o LA. Localization of superoxide dismutase in glyoxysomes from Citrullus vulgaris.
Functional implications in cellular metabolism. J Plant Physiol. 1987; 127(5): 395–409.
64. Kuźniak E, Skłodowska M. The effect of Botrytis cinerea infection on the antioxidant profile of mito-
chondria from tomato leaves. J Exp Bot. 2004; 55(397): 605–612. https://doi.org/10.1093/jxb/erh076
PMID: 14966215
65. Ogawa K, Kanematsu S, Asada K. Intra- and extra-cellular localization of “cytosolic” CuZn-superoxide
dismutase in spinach leaf and hypocotyl. Plant Cell Physiol. 1996; 37(6): 790–799.
66. Miszalski Z, Ślesak I, Niewiadomska E, Baczek-Kwinta R, Lu¨ttge U, Ratajczak R. Subcellular localiza-
tion and stress responses of superoxide dismutase isoforms from leaves in the C3-CAM intermediate
halophyte Mesembryanthemum crystallinum L. Plant, Cell Environ. 1998; 21(2): 169–179.
67. Bordo D, Djinović K, Bolognesi M. Conserved patterns in the Cu,Zn superoxide dismutase family. J
Mol Biol. 1994; 238(3): 366–386. https://doi.org/10.1006/jmbi.1994.1298 PMID: 8176730
68. Corpas FJ, Barroso JB, Del Rı´o LA. Peroxisomes as a source of reactive oxygen species and nitric
oxide signal molecules in plant cells. Trends Plant Sci. 2001; 6(4): 145–150. PMID: 11286918
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 18 / 21
69. Bueno P, Varela J, Gimee´nez-Gallego G, del Rı´o LA. Peroxisomal copper, zinc superoxide dismutase.
Characterization of the isoenzyme from watermelon cotyledons. Plant Physiol. 1995; 108(3): 1151–
1160. PMID: 7630940
70. Streller S, Wingsle G. Pinus sylvestris L. needles contain extracellular CuZn superoxide dismutase.
Planta. 1994; 192(2): 195–201. PMID: 7764316
71. Asada K. Production and scavenging of reactive oxygen species in chloroplasts and their functions.
Plant Physiol. 2006; 141(2): 391–396. https://doi.org/10.1104/pp.106.082040 PMID: 16760493
72. Salin ML, Bridges S. Localization of superoxide dismutases in chloroplasts from Brassica campestris.
Zeitschrift fu¨r Pflanzenphysiologie. 1980; 99(1): 37–45.
73. Jackson C, Dench J, Moore AL, Halliwell B, Foyer CH, Hall DO. Subcellular localisation and identifica-
tion of superoxide dismutase in the leaves of higher plants. Eur J Biochem. 1978; 91(2): 339–344.
PMID: 729573
74. Foster JG, Edwards GE. Localization of superoxide dismutase in leaves of C3 and C4 plants. Plant
Cell Physiol. 1980; 21(5): 895–906.
75. Rodrı´guez-Serrano M, Romero-Puertas MC, Pastori GM, Corpas FJ, Sandalio LM, Del Rı´o LA, et al.
Peroxisomal membrane manganese superoxide dismutase: characterization of the isozyme from
watermelon (Citrullus lanatus Schrad.) cotyledons. J Exp Bot. 2007; 58(10): 2417–2427. https://doi.
org/10.1093/jxb/erm095 PMID: 17545229
76. Palma JM, Lopez-Huertas E, Corpas FJ, Sandalio LM, Gomez M, del Rio LA. Peroxisomal manga-
nese superoxide dismutase: purification and properties of the isozyme from pea leaves. Physiol Plant.
1998; 104(4): 720–726.
77. del Rı´o LA, Lyon DS, Olah I, Glick B, Salin ML. Immunocytochemical evidence for a peroxisomal local-
ization of manganese superoxide dismutase in leaf protoplasts from a higher plant. Planta. 1983; 158
(3): 216–224. https://doi.org/10.1007/BF01075257 PMID: 24264610
78. Bog YC, Lee KP, Jung J. Rice plants with a high protochlorophyllide accumulation show oxidative
stress in low light that mimics water stress. J Plant Physiol. 2000; 157(4): 405–411.
79. op den Camp RGL, Przybyla D, Ochsenbein C, Laloi C, Kim C, Danon A, et al. Rapid induction of dis-
tinct stress responses after the release of singlet oxygen in Arabidopsis. Plant Cell 2003; 15(10):
2320–2332. https://doi.org/10.1105/tpc.014662 PMID: 14508004
80. Erdei N, Barta C, Hideg E´ , Bo¨ddi B. Light-induced wilting and its molecular mechanism in epicotyls of
dark-germinated pea (Pisum sativum L.) seedlings. Plant Cell Physiol. 2005; 46(1): 185–191. https://
doi.org/10.1093/pcp/pci012 PMID: 15659444
81. Hideg E´ , Vita´nyi B, Ko´sa A, Solymosi K, Bo´ka K, Won S, et al. Reactive oxygen species from type-I
photosensitized reactions contribute to the light-induced wilting of dark-grown pea (Pisum sativum)
epicotyls. Physiol Plant. 2010; 138(4): 485–492. https://doi.org/10.1111/j.1399-3054.2009.01329.x
PMID: 20002326
82. Erdei AL, Kosa A, Kovacs-Smirnova L, Boddi B. Wavelength-dependent photooxidation and photore-
duction of protochlorophyllide and protochlorophyll in the innermost leaves of cabbage (Brassica olera-
cea var. capitata L.). Photosynth Res. 2016; 128: 73–83. https://doi.org/10.1007/s11120-015-0200-3
PMID: 26519365
83. Franck F, Schoefs B, Barthelemy X, Mysliwa-Kurdziel B, Strzalka K, Popovic R. Protection of native
chlorophyll(ide) forms and of photosystem II against photodamage during early stages of chloroplast
differentiation. Acta Physiol Plant. 1995; 17(2): 123–132.
84. Buhr F, El Bakkouri M, Valdez O, Pollmann S, Lebedev N, Reinbothe S, et al. Photoprotective role of
NADPH:protochlorophyllide oxidoreductase A. Proc Natl Acad Sci USA. 2008; 105(34): 12629–
12634. https://doi.org/10.1073/pnas.0803950105 PMID: 18723681
85. Sperling U, van Cleve B, Frick G, Apel K, Armstrong GA. Overexpression of light-dependent PORA or
PORB in plants depleted of endogenous POR by far-red light enhances seedling survival in white light
and protects against photooxidative damage. Plant J. 1997; 12(3): 649–658. PMID: 9351249
86. Grimm B, Kloppstech K. The early light-inducible proteins of barley: characterization of two families of
2-h-specific nuclear-coded chloroplast proteins. Eur J Biochem. 1987; 167(3): 493–499. PMID:
2443350
87. Cronshagen U, Herzfeld F. Distribution of the early light-inducible protein in the thylakoids of develop-
ing pea chloroplasts. Eur J Biochem. 1990; 193(2): 361–366. PMID: 2226458
88. Po¨tter E, Kloppstech K. Effects of light stress on the expression of early light-inducible proteins in bar-
ley. Eur J Biochem. 1993; 214(3): 779–786. PMID: 8319687
89. Grimm B, Kruse E, Kloppstech K. Transiently expressed early light-inducible thylakoid proteins share
transmembrane domains with light-harvesting chlorophyll binding proteins. Plant Mol Biol. 1989; 13
(5): 583–593. PMID: 2491675
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 19 / 21
90. Green BR, Ku¨hlbrandt W. Sequence conservation of light-harvesting and stress-response proteins in
relation to the three-dimensional molecular structure of LHCII. Photosynth Res. 1995; 44(1–2): 139–
148. https://doi.org/10.1007/BF00018304 PMID: 24307033
91. Hutin C, Nussaume L, Moise N, Moya I, Kloppstech K, Havaux M. Early light-induced proteins protect
Arabidopsis from photooxidative stress. Proc Natl Acad Sci USA. 2003; 100(8): 4921–4926. https://
doi.org/10.1073/pnas.0736939100 PMID: 12676998
92. Krol M, Ivanov A, Jansson S, Kloppstech K, Huner N. Greening under high light or cold temperature
affects the level of xanthophyll-cycle pigments, early light-inducible proteins, and light-harvesting poly-
peptides in wild-type barley and the chlorina f2 mutant. Plant Physiol. 1999; 120(1): 193–204. PMID:
10318697
93. Rossini S, Casazza AP, Engelmann ECM, Havaux M, Jennings RC, Soave C. Suppression of both
ELIP1 and ELIP2 in Arabidopsis does not affect tolerance to photoinhibition and photooxidative stress.
Plant Physiol. 2006; 141(4): 1264–1273. https://doi.org/10.1104/pp.106.083055 PMID: 16778010
94. Tzvetkova-Chevolleau T, Franck F, Alawady AE, Dall’Osto L, Carrière F, Bassi R, et al. The light
stress-induced protein ELIP2 is a regulator of chlorophyll synthesis in Arabidopsis thaliana. Plant J.
2007; 50(5): 795–809. https://doi.org/10.1111/j.1365-313X.2007.03090.x PMID: 17553115
95. Robertson D, Laetsch WM. Structure and function of developing barley plastids. Plant Physiol. 1974;
54(2): 148–159. PMID: 16658850
96. Boffey SA, Sellden G, Leech RM. Influence of cell age on chlorophyll formation in light-grown and etio-
lated wheat seedlings. Plant Physiol. 1980; 65: 680–684. PMID: 16661261
97. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein uti-
lizing the principle of protein-dye binding. Anal Biochem. 1976; 72(1–2): 248–254.
98. Beauchamp C, Fridovich I. Superoxide dismutase: improved assays and an assay applicable to acryl-
amide gels. Anal Biochem. 1971; 44(1): 276–287. PMID: 4943714
99. Mysliwa-Kurdziel B, Barthe´lemy X, Strzałka K, Franck F. The early stages of photosystem II assembly
monitored by measurements of fluorescence lifetime, fluorescence induction and isoelectric focusing
of chlorophyll-proteins in barley etiochloroplasts. Plant Cell Physiol. 1997; 38(11): 1187–1196.
100. Lichtenthaler HK. Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Methods
Enzymol. 1987; 148(C): 350–382.
101. Kahn A. Spectrophotometric quantitation of protochlorophyll(ide): Specific absorption and molar
extinction coefficients reconsidered. Physiol Plant. 1983; 59(1): 99–102.
102. Garmash E V., Velegzhaninov IO, Grabelnych OI, Borovik OA, Silina E V., Voinikov VK, et al. Expres-
sion profiles of genes for mitochondrial respiratory energy-dissipating systems and antioxidant
enzymes in wheat leaves during de-etiolation. J Plant Physiol. 2017; 215: 110–121. https://doi.org/10.
1016/j.jplph.2017.05.023 PMID: 28623839
103. Bo¨ddi B, Lindsten A, Ryberg M, Sundqvist C. On the aggregational states of protochlorophyllide and
its protein complexes in wheat etioplasts. Physiol Plant. 1989; 76(2): 135–143.
104. Ouazzani Chahdi MA, Schoefs B, Franck F. Isolation and characterization of photoactive complexes
of NADPH:protochlorophyllide oxidoreductase from wheat. Planta. 1998; 206(4): 673–680.
105. Mysliwa-Kurdziel B, Franck F, Ouazzani Chahdi MA, Strzałka K. Changes in endothermic transitions
associated with light-induced chlorophyllide formation, as investigated by differential scanning calorim-
etry. Physiol Plant. 1999; 107(2): 230–9.
106. Solymosi K, Lenti K, Mysliwa-Kurdziel B, Fidy J, Strzałka K, Bo¨ddi B. Hg2+ reacts with different compo-
nents of the NADPH:protochlorophyllide oxidoreductase macrodomains. Plant Biol. 2004; 6(3): 358–
368. https://doi.org/10.1055/s-2004-817893 PMID: 15143445
107. Solymosi K, Mysliwa-Kurdziel B, Bo´ka K, Strzałka K, Bo¨ddi B. Disintegration of the prolamellar body
structure at high concentrations of Hg2+. Plant Biol. 2006; 8(5): 627–635. https://doi.org/10.1055/s-
2006-924110 PMID: 16773559
108. Mysliwa-Kurdziel B, Strzałka K. Influence of Cd(II), Cr(VI) and Fe(III) on early steps of deetiolation pro-
cess in wheat: fluorescence spectral changes of protochlorophyllide and newly formed chlorophyllide.
Agric Ecosyst Environ. 2005; 106: 199–207.
109. Sundqvist C. Transformation of protochlorophyllide formed from exogenous 5-aminolevulinic acid, in
continuous light and in flash light. Physiol Plant. 1969; 22: 147–156.
110. Chakraborty N, Tripathy BC. Expression of 5-amino levulinic acid induced photodynamic damage to
the thylakoid membranes in dark sensitized by brief pre-illumination. J Biosci. 1990; 15(3): 199–204.
111. Garmash EV, Dymova OV, Malyshev RV, Plyusnina SN, Golovko T.K. Developmental changes in
energy dissipation in etiolated wheat seedlings during the greening process. Photosynthetica. 2013;
51(4): 497–508.
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 20 / 21
112. Schoefs B, Bertrand M, Franck F. Spectroscopic properties of protochlorophyllide analyzed in situ in
the course of etiolation and in illuminated leaves. Photochem Photobiol. 2000; 72(1): 85–93. PMID:
10911732
113. Radyuk MS, Homan NM. Discrete character of the development of the photosynthetic apparatus in
greening barley leaves. Photosynth Res. 2002; 72(1): 117–122. https://doi.org/10.1023/
A:1016093127057 PMID: 16228540
114. Rudowska Ł, Gieczewska K, Mazur R, Garstka M, Mostowska A. Chloroplast biogenesis—Correlation
between structure and function. Biochim Biophys Acta—Bioenergetics 2012; 1817(8): 1380–1387.
115. Więckowski S, Majewska G. Chlorophyll Photobleaching in Thylakoid Membranes Isolated from
Cucumber Cotyledons at Various Stages of Greening. J Plant Physiol. 1990; 136(6): 701–704.
116. Mattagajasingh SN, Kar M. Changes in the Antioxidant System During the Greening of Etiolated
Wheat Leaves. J Plant Physiol. 1989; 134(6): 656–660.
117. Giannopolitis CN, Ries SK. Superoxide dismutases: II. Purification and quantitative relationship with
water-soluble protein in seedlings. Plant Physiol. 1977; 59(2): 315–318. PMID: 16659840
118. Asada K. The water-water cycle as alternative photon and electron sinks. Philos Trans R Soc Lond B
Biol Sci. 2000; 355(1402): 1419–1431. https://doi.org/10.1098/rstb.2000.0703 PMID: 11127996
119. Mehler AH. Studies on reactivities of illuminated chloroplasts. I. Mechanism of the reduction of oxygen
and other Hill reagents. Arch Biochem Biophys. 1951; 33: 65–77. PMID: 14857775
120. Mubarakshina MM, Ivanov BN. The production and scavenging of reactive oxygen species in the plas-
toquinone pool of chloroplast thylakoid membranes. Physiol Plant. 2010; 140(2): 103–110. https://doi.
org/10.1111/j.1399-3054.2010.01391.x PMID: 20553418
121. Pospı´sˇil P. Molecular mechanisms of production and scavenging of reactive oxygen species by photo-
system II. Biochim Biophys Acta—Bioenergetics. 2012; 1817(1): 218–231.
122. Pospı´sˇil P, Snyrychova´ I, Kruk J, Strzałka K, Naus J. Evidence that cytochrome b559 is involved in
superoxide production in photosystem II: effect of synthetic short-chain plastoquinones in a cyto-
chrome b559 tobacco mutant. Biochem J. 2006; 397: 321–327. https://doi.org/10.1042/BJ20060068
PMID: 16569212
123. Pospı´sˇil P. Production of reactive oxygen species by photosystem II. Biochim Biophys Acta. 2009;
1787(10): 1151–1160. https://doi.org/10.1016/j.bbabio.2009.05.005 PMID: 19463778
124. Joe¨t T, Genty B, Josse EM, Kuntz M, Cournac L, Peltier G. Involvement of a plastid terminal oxidase in
plastoquinone oxidation as evidenced by expression of the Arabidopsis thaliana enzyme in tobacco. J
Biol Chem. 2002; 277(35): 31623–31630. https://doi.org/10.1074/jbc.M203538200 PMID: 12050159
125. McDonald AE, Ivanov AG, Bode R, Maxwell DP, Rodermel SR, Hu¨ner NPA. Flexibility in photosyn-
thetic electron transport: The physiological role of plastoquinol terminal oxidase (PTOX). Biochim Bio-
phys Acta—Bioenergetics. 201; 958: 954–967.
126. Krieger-Liszkay A, Feilke K. The dual role of the plastid terminal oxidase PTOX: between a protective
and a pro-oxidant function. Front Plant Sci. 2015; 6: 1147–1150. https://doi.org/10.3389/fpls.2015.
01147 PMID: 26779210
127. Shahbazi M, Gilbert M, Laboure´ A-M, Kuntz M. Dual role of the plastid terminal oxidase in tomato.
Plant Physiol. 2007; 145: 691–702. https://doi.org/10.1104/pp.107.106336 PMID: 17873087
128. Rosso D, Bode R, Li W, Krol M, Saccon D, Wang S, et al. Photosynthetic redox imbalance governs
leaf sectoring in the Arabidopsis thaliana variegation mutants immutans, spotty, var1, and var2. Plant
Cell. 2009; 21(11): 3473–3492. https://doi.org/10.1105/tpc.108.062752 PMID: 19897671
129. Heyno E, Gross CM, Laureau C, Culcasi M, Pietri S, Krieger-Liszky A. Plastid alternative oxidase
(PTOX) promotes oxidative stress when overexpressed in tobacco. J Biol Chem. 2009; 284(45):
31174–31180. https://doi.org/10.1074/jbc.M109.021667 PMID: 19740740
SODs and wheat deetiolation
PLOS ONE | https://doi.org/10.1371/journal.pone.0194678 March 20, 2018 21 / 21
